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Abstract
We studied the role of the A/B domain at the amino terminus of gar (Atractosterus tropicus) and human glucocorticoid receptors (GRs) on transcriptional activation by various glucocorticoids. In transient transfection assays, dexamethasone
[DEX] and cortisol had a lower half-maximal response (EC50) for transcriptional activation of full length gar GR than of human GR. Both GRs had similar responses to corticosterone, while 11-deoxycortisol had a lower EC50 for gar GR than for human GR.
In contrast, constructs of gar GR and human GR consisting of their hinge (D domain), ligand binding domain (LBD) (E domain) fused to a GAL4 DNA-binding domain (DBD) had a higher EC50 (weaker response) for all glucocorticoids. To study the role of the A/B domain, which contains an intrinsically disordered region, we investigated steroid activation of chimeric gar GR and human GR, in which their A/B domains were exchanged. Replacement of human A/B domains with the gar A/B domains yielded a chimeric GR with a lower EC50 for DEX and cortisol, while the EC50 increased for these steroids for the human A/B-gar C/E chimera, indicating that gar A/B domains contributes to the lower EC50 of gar GR for glucocorticoids. Our data suggests that allosteric signaling between the A/B domains and LBD influences transcriptional activation of human and gar GR by different steroids, and this allosteric mechanism
Introduction
In humans and other vertebrates, glucocorticoids regulate many physiological responses including carbohydrate and protein metabolism, immune function and the body's anti-inflammatory processes via transcriptional activation of the glucocorticoid receptor (GR) [1, 2, 3, 4] . The GR belongs to the nuclear receptor family of transcription factors, which also contains receptors for sex steroids and other adrenal steroids, thyroid hormone and retinoids [5, 6, 7, 8, 9, 10] . The GR and other steroid receptors have a characteristic modular structure with three functional domains [8, 11, 12, 13, 14] (Figure 1 Allosteric interactions between AF1 and other GR domains are important in transcriptional activation of the GR [15, 19, 26] . Deletion of the NTD in human GR and rat GR yields receptors, which are transcriptionally activated by dexamethasone [DEX] at about 10% and 6%, respectively, of their full length GRs [27, 28] However, the only study of the NTD (A/B domains) in fish has been in rainbow trout GR1 and GR2 [35] , in which the A/B domains were found to influence nuclear localization in the absence of hormone. That is, in the absence of hormone both trout GR1 and GR2 are partially localized in the nucleus and cytoplasm, in contrast to mammalian GR, which is found in the cytoplasm in the absence of hormone. In this respect, trout GR resembles mammalian MR. Studies with chimeras of trout GR and rat GR revealed that the E domain in both trout GR1 and GR2 was the primary determinant of transactivation sensitivity [35, 36] .
Our interest in the evolution of corticosteroid receptors [14,37,38] stimulated us to study the role of the A/B domains in transcriptional activation of the GR from tropical gar, Atractosteus tropicus, by different glucocorticoids. We chose gar because it is a basal fish (Semionotiformes), which evolved before a fish-specific genome duplication in teleosts [39, 40, 41] . Thus, instead of two GRs as is found in teleosts, gar would be expected to contain one GR, as has been found for sturgeon (Acipenser ruthenus) GR [42] . To study the role of the A/B domains in transcriptional activation of gar GR, we compared transcriptional activation of full length gar GR and of a GAL4
DBD-GR D-E fusion by DEX, cortisol [F], corticosterone [B] and 11-deoxycortisol [S].
Here we report important differences in their response to these steroids, with full length gar GR having a lower half-maximal response (EC50) for steroids than does GAL4 DBD-gar GR D-E. Similar differences in the response to steroids were found for full length human GR and a GAL4 DBD-human GR D-E fusion. These data suggest that the A/B domain is important in transcriptional response of gar and human GR to glucocorticoids.
To investigate the allosteric role of the A/B domains on gar and human GR in their transcriptional response to steroids, we constructed chimeric GRs, in which we swapped the A/B domains on gar GR and human GR. Compared to full length human GR, the chimera of the gar A/B and human C-E domains displayed increased transcriptional activation (lower EC50) by DEX and F. Compared to full length gar GR, the chimera of the human A/B domains and gar C-E domains displayed decreased transcriptional activation by DEX and F. However, both chimeras had increased transcriptional activity compared to fusions of their GR D-E with GAL4 DBD, supporting a role for an allosteric interaction between the A/B domains and LBD in human and gar GR in providing specificity for different steroids in transcriptional activation of gar and human GR. These data also indicate that this allosteric mechanism evolved over 400 million years ago before the separation of gar and mammals from a common ancestor of terrestrial vertebrates and ray-finned fish.
Experimental

Animals and chemical reagents
Tropical gar (Atractosteus tropicus) were obtained as described in the previous report [43] . Animals were anaesthetized in 0.1% (w/v) 3-amino benzoic acid ethyl ester (Sigma-Aldrich, St. Louis, MO, USA). After decapitation, tissues were removed, quickly frozen in liquid nitrogen, and kept at −80˚C. All animal experiments were and the final concentration of DMSO in the culture medium did not exceed 0.1%.
Molecular cloning of gar glucocorticoid receptor
First-strand cDNA was synthesized from 2 µg of total RNA isolated from the liver. Two conserved amino acid regions, GCHYGV located in the DBD and QNWQRFY located in the LBD of vertebrate GRs were selected and degenerate oligonucleotides were used as primers for PCR. After amplification, an additional primer set, CKVFFK located the internal region of GCHYGV and QNWQRFY that is the same region for first PCR, was used for the second PCR.
The amplified DNA fragments were subcloned with the TA-cloning plasmid pGEM-T Easy vector (Promega, Madison, WI), sequenced using a BigDye terminator Cycle Sequencing-kit (Applied Biosystems, Foster City, CA) with T7 and SP6 primers, and analyzed on the 3130 Genetic Analyzer (Applied Biosystems). The 5'-and 3'-ends of the GR cDNAs were amplified by rapid amplification of the cDNA end (RACE) using a SMART RACE cDNA Amplification kit (BD Biosciences Clontech, Palo Alto, CA).
Construction of plasmid vectors
The full-coding regions of gar and human GR were amplified by PCR and the PCR products were gel-purified and ligated into the pcDNA3.1 vector (Life Technologies, Carlsbad, CA). GAL4 DBD fusion constructs were prepared by PCR amplification of the D to E domains, which are amino acids 478-767 for gar GR and amino acids 488-777 for human GR (Figure 1 ). DNA fragments subcloned into pBIND vector (Progemga) [44] . To construct the chimeric GR expression plasmids, two fragments corresponding to the A-B domain, which are amino acids 1-410 in gar GR and amino acids 1-420 in human GR, and C to E domains, which are amino acids 411-767 in gar GR and amino acids 421-777 in human GR, were amplified by PCR, and assembled two fragments for creating chimeric GR using In-Fusin HD (Takara Bio, Tokyo, Japan). All constructs were verified by sequencing.
Transactivation Assay
Reporter gene assays were performed in human hepatoma cell line (HepG2) or Chinese hamster ovary cell (CHO-K1). Transfection and reporter gene assays were carried out as described previously [45] . HepG2 cells were seeded in 24-well plates at 5 x 104 cells/well in phenol-red free minimum essential medium (Sigma-Aldrich Co.) with 10% charcoal/dextran-treated fetal bovine serum (Hyclone, South Logan, UT). Preliminary assays with HepG2 cells and CHO-K1 cells determined that the fold response of the different GR constructs to corticosteroids was different in the two cell lines. We continued our studies of the GR constructs using the cell lines that gave the optimal response to corticosteroids. Thus, we used HepG2 cells for studies with full-length and chimeric GRs and CHO-K1 cells for studies with GAL4 DBD-GR D-E.
However, the pattern of the response to steroids was similar for full length GR and GAL4 DBD-GR D-E in both cell lines.
Statistical methods
Results are presented as mean ± SE (SEM) from three separate experiments.
Comparisons between two groups were performed using t-test, and all multi-group comparisons were performed using one-way ANOVA followed by Bonferroni test. Dose-response data and EC 50 were analyzed using GraphPad Prism (version 6.0b; Graph Pad Software, Inc., San Diego, CA). P < 0.05 was considered statistically significant.
Construction of a 3D model of Gar GR
The protein data bank (PDB) file for the ligand binding domain of human GR complexed with DEX [PDB: 1M2Z] [46] was download for use as a template to construct a 3D model of gar GR using the homology option in Insight II software [47, 48] . The LBD of gar GR and human GR are 73% identical, which is well above the 50% level required for construction of an accurate 3D model of gar GR. DEX was extracted from 1M2Z and inserted into the un-minimized 3D model of gar GR using the Biopolymer option. Then the gar GR-DEX complex was refined using Discover 3 for 10,000 iterations, using the CVFF force field with a distant-dependent dielectric constant of 2.
Results
Isolation of gar GR
We cloned the GR from gar using degenerate primers designed to match the most conserved parts in the DNA-binding and ligand-binding domains of vertebrate GRs. Rapid amplification of cDNA ends (RACE) was used to obtain the full-length cDNA, and we amplified gar GR cDNA (Genbank accession LC006087). Comparison of our gar GR sequence with human GR revealed that the steroid-binding domain of gar and human GR are 73% identical and the A/B domains are 34% identical. In Figure 1 we also show the comparison of gar GR with sturgeon (A. ruthenus) GR (Genbank accession: JQ781067), which like gar evolved prior to the teleost linage whole genome duplication [42] . The steroid-binding domain of gar and sturgeon GR are 90% identical and the A/B domains are 38% identical.
Phylogenetic analysis
We propose that there is only one gar GR because we could not find a second GR sequence after sequencing over 200 subcloned DNA fragments from PCR reactions.
This hypothesis is consistent with the absence of a second GR in sturgeon [42] , which like gar, split from the fish stem lineage before a whole genome duplication. Figure 2 shows the phylogeny of gar GR along with sturgeon GR and GR1 and GR2 from trout, flounder, carp and butterflyfish, as well as the human, chicken, alligator and frog GR.
3D model of gar GR LBD is similar to human GR LBD.
To compare how gar GR and human GR contact DEX, we constructed a 3D model of gar GR with DEX. As shown in Figure 3 , contacts between key residues on human GR and DEX [46] are conserved in our 3D model of gar GR with DEX. In gar GR ( Figure 3A) , Gln-560, Phe-623, Gln-632, Thr-729, Asn-564 have similar stabilizing contacts with DEX as the corresponding residues in human GR ( Figure 3B ). Thus, despite the phylogenetic distance between gar GR and human GR, the binding pocket of gar LBD is well conserved, which as discussed below is consistent with similar binding of glucocorticoids by these two GRs.
Different transcriptional response to glucocorticoids of full length gar GR and the gar LBD-GAL4 DBD fusion.
We constructed an MMTV-driven reporter construct [37] , and examined corticosteroid-inducible transcriptional activation of gar GR. Full length gar GR was activated strongly by DEX at 1 nM, F at 10 nM and to a lesser extent by B and S at 100 nM ( Figure 4A ).
We used the LBD of gar GR fused to GAL4 DBD to investigate the role of the LBD on transcriptional activation by glucocorticoids ( Figure 4B ). There was a reduced transcriptional response to glucocorticoids by the gar LBD-GAL4 DBD fusion.
Response to DEX and F at 1 nM was substantially reduced, and neither B nor S at 100 nM activated gar LBD-GAL4 DBD. We found this response in CHO-K1and HepG2, indicating it is independent in cell type.
Different transcriptional response to glucocorticoids for full length human GR and the human LBD-GAL4 DBD fusion.
Full length human GR was activated strongly by DEX at 10 nM and by F and B at 100 nM and weakly by S at 100 nM ( Figure 5A ). There was reduced activation of human GR LBD-GAL4 DBD by DEX at 10 nM and weak activation by F at 100 nM and no activation by B and S at 100 nM ( Figure 5B ). These results indicated that the A/B domain also has a role in the response of human and gar GR to glucocorticoids.
Interestingly, full length gar GR ( Figure 4A ) is more sensitive to DEX, F and S than is full length human GR [ Figure 5A ] and Gar GR LBD-GAL4 DBD ( Figure 4B) is more sensitive to DEX and F than is human GR LBD-GAL4 DBD ( Figure 5B ).
Swapping of A/B domains between human and gar GR
To investigate the role of the A/B domains in the corticosteroid activation of human and gar GRs, we constructed chimeric GRs in which their A/B domains, which are only 34% identical, were swapped. The EC50s of DEX and F for full length gar GR were 1.5x10 -10 M and 1.3x10 -9 M, respectively. For transcriptional activation by B and S of full length human GR and human GR A/B-gar GR C-E and of S for Gar GR A/B-human GR C-E we did not reach saturation of transcriptional activation at 1 µM ( Figure 6 , Tables 1 and 2 ). Nevertheless, the partial saturation curves for B and S are informative for investigating differences between the response to these steroids by full length gar and human GR and the two chimeras.
We found that a chimera containing domains C-E from gar GR and domains A/B from human GR had an increased EC50 for DEX, F, B and S compared to wild type gar GR (Table 1, Figure 6 ). In contrast, the chimera containing human C-E domains with gar GR A/B domains had a decreased EC50 for DEX and F and a similar EC50 for B
and S compared with wild type human GR (Table 2, Figure 6 ). These results indicate that the A/B domain on gar GR increases the transcriptional response to glucocorticoids and, in this regard, the gar A/B domains are more potent than the human A/B domains.
Discussion
Tropical gar belongs to the Semionotiformes, a lineage near the base of ray-finned or bony fishes [39, 41] . Phylogenetic analysis of three nuclear genes (fzd8, sox11 and tyrosinase) and a concatenated dataset from bony fishes supports the hypothesis that the fish-specific genome duplication occurred after the split of the Acipenseriformes (sturgeons) and the Semionotiformes (gars) from the lineage leading to teleost fish, but before the divergence of Osteoglossiformes [39] . This hypothesis is consistent with studies with sturgeon, Acipenser ruthenus, which evolved before fish-specific genome duplication, and which have single GR gene [42] .
We find only a single GR in gar. Thus, our data support the hypothesis that the fish-specific genome duplication event occurred within the teleosts between the split of the Semionotiformes from the fish stem lineage and the origin of the and 5A), which we suggest is due, in part, allosteric signaling between the E domain and A/B domains on the GR.
Analysis of the response to glucocorticoids of full length gar GR ( Figure 4A) and human GR ( Figure 5A ) reveals that gar GR is more sensitive to DEX, F and S.
Similarly, gar D-E fused to GAL4 DBD is more sensitive to DEX and F ( Figure 4B) than is human D-E fused to GAL4 DBD ( Figure 5B ). For both gar GR and human GR, replacement of domains A-C with a GAL4 DBD led to substantial loss of sensitivity to DEX, F, B and S (Figures 4and 5) . These results indicate that gar GR D-E domains contribute to its increased sensitivity to DEX and F, compared to human GR and that domains A-C on gar GR are important in the increased sensitivity to glucocorticoids compared to human GR.
Analysis of chimeras in which A/B domains on gar GR and human GR were swapped revealed that the chimera of human A/B and gar domains C-E were less sensitive [higher EC50] to DEX, F, B and S than full length gar GR (Table 1, Figure 6 A and B). In contrast, the chimera of gar A/B and human domains C-E had a lower EC50 for DEX andF and an unchanged response to B compared to full length human GR ( [50, 51] Crystallographic analysis of the full length GR would advance our understanding of the interactions of AF1 and other domains on the GR, as has been accomplished for domains C-E on nuclear receptors [13, 54, 55] . GR1 and GR2, while only one GR has been found in sturgeon [42] and gar. b ND, Not determined due to lack of saturation at 1µM Table 2 . Transcriptional activity of corticosteroids mediated by human GR and chimera GR (gar GR A/B-human GR C-E). 
